Numerous commercial suppliers are marketing liquid chemical products for stabilizing pavement subgrade and base soils. These nontraditional chemical stabilizers may offer viable alternatives for stabilizing sulfate-rich soils where conventional lime or cement treatment can lead to excessive soil expansion. Typically sold as concentrated liquids that are diluted in water before application, these products may be less expensive to use than lime or cement. However, many transportation agencies are hesitant to specify nontraditional liquid stabilizers without better information on the stabilizing mechanisms and documented field experiences. To identify the mechanisms associated with one class of these products, a representative ionic soil stabilizer and a sodium montmorillonite clay were selected for a detailed physical-chemical study. Laboratory testing included chromatography, spectroscopy, X-ray diffraction, electron microscopy, and standard titration analyses. These tests have shown that the principal active constituents of the selected ionic stabilizer are d-limonene (a by-product of citrus processing) and sulfuric acid, which react to form a concentrated, low-pH solution of sulfonated limonene. The observed changes in clay chemistry following treatment indicated that this product would stabilize a soil by altering the clay lattice. The result is the formation of a more highly weathered, less-expansive clay structure. On the basis of this understanding of the underlying mechanisms, ionic stabilizers applied at sufficiently high application mass ratios may improve the properties of certain soils on some highway construction projects.
Chemical soil modification is often used in constructing highway pavements to improve the engineering properties of the base, subbase, or subgrade materials. Chemical stabilization can be employed to improve workability during compaction, to create a firm working table for construction equipment, to increase the strength and stiffness of a foundation layer, to reduce potential shrink and swell caused by moisture changes or frost action, or to control dust on unpaved roads. Soil stabilization is commonly accomplished with the addition of lime, portland cement, or, occasionally, fly ash. Industry experience with these chemical additives over many years, supported by a good understanding of the underlying mechanisms, is represented in technical guidelines for stabilizing pavement soils with lime, cement, fly ash, and bitumen (1) (2) (3) (4) . However, in some cases involving soils with high sulfate contents, stabilization with conventional, calcium-rich chemicals has led to excessive swelling and heaving (5) (6) (7) (8) (9) . Such failures apparently occur when the added calcium reacts with sulfates and alumina present in the soil to form a series of calcium-aluminum-sulfate hydrates leading to ettringite and thaumasite, a reaction that causes significant volume expansion (7) (8) (9) .
A number of nontraditional soil stabilizer products, which are not calcium based, are potentially effective alternatives for treating high sulfate soils. These nontraditional chemical stabilizers are usually sold as concentrated liquids, diluted with water at the construction site, then either spread on the soil before compaction or pressure injected to treat deeper soil layers. Because of lower transportation costs, concentrated liquid stabilizers may also be an attractive alternative for stabilization projects where soil sulfates are not a concern. In this environment, a wide array of liquid soil stabilizers is being marketed by a variety of suppliers and manufacturers. Scholen (10) listed some of these products, which he classified as electrolytes (including sulfonated oils), enzymes, acrylic polymers, and mineral pitches. These products may work through a variety of mechanisms, including encapsulation of clay minerals, exchange of interlayer cations, breakdown of clay mineral with expulsion of water from the double layer, or interlayer expansion with subsequent moisture entrapment.
Despite the potential advantages offered by various nontraditional soil stabilizers, most engineers are reluctant to specify the use of these products. Although this lack of acceptance can be traced to a number of causes, a principal concern is the lack of published, independent studies of non-calcium-based stabilizers (6) . Field performance data are particularly lacking. Scholen (10, 11) surveyed a number of projects undertaken by the U.S. Forest Service in which several of these products have been used, mostly to stabilize unpaved roads. Although some notable failures have occurred, which are usually attributed to misapplication of the product, a number of successes have been reported. However, most of the field case studies commonly promoted to demonstrate the benefits of these commercial products (which are typically given without data on untreated control sections) are often little more than poorly documented testimonials. A second obstacle to the wider application of these products is a lack of standard laboratory test methods that can be used effectively to predict performance in the field (10) . Well-established testing protocols are needed to quantify how much a particular stabilizer product may improve the properties of specific soils encountered on a given project. In addition, the information provided by stabilizer manufacturers is often inadequate. For example, application rates recommended in the product literature are, in some cases, poorly defined or inconsistent. Many manufacturers understandably consider the chemical composition of their products to be proprietary, but this makes it difficult to independently assess the stabilizing mechanisms and to forecast potential field benefits. Finally, hesitation to implement nontraditional soil stabilizers can be attributed somewhat to the lack of appropriate engineering expertise within the supplier companies (10) . Moreover, suppliers and products seem to appear, disappear, or change names with some regularity, which makes it difficult for an agency to develop confidence with a given product through long-term experience.
To take better advantage of these products, a rational first step is to develop a clear understanding of the underlying mechanisms by which a soil is modified by these nontraditional stabilizers. There is a dearth of published experimental data that can substantiate reported stabilizing mechanisms. This paper documents a detailed physical-chemical investigation of the stabilizing mechanisms of one representative product. Because the product is believed to work through cation exchange and replacement within the clay mineral lattice, the product is identified here as an ionic stabilizer. [Scholen (10, 11) classified this same product as a sulfonated oil electrolyte.] The product studied here is not identified by name, but was selected as representative of other liquid soil stabilizers of this general type. The selected, patented stabilizer is reportedly produced by reacting sulfuric acid with d-limonene, an aromatic oil that is a by-product of citrus processing. As described below, the chemical composition of this ionic stabilizer was verified through analytical methods, including high-performance liquid chromatography with mass spectrometry (HPLC-MS). Then, using X-ray diffraction (XRD) and scanning electron microscopy (SEM), the mechanisms of this ionic stabilizer were studied by analyzing treated and untreated samples of sodium montmorillonite clay.
METHODS
Laboratory testing was conducted to characterize the chemical properties of the ionic stabilizer and to evaluate changes in the chemical composition of a well-defined clay material following treatment with the stabilizer and its reactive components. Chemical analysis of the commercial stabilizer was used to identify potentially reactive stabilizer components. Independent samples of these components were obtained commercially or prepared in the laboratory. Qualitative characterization of the stabilizer was conducted using gas chromatography/mass spectroscopy (GC/MS) analyses and ultraviolet/ visible spectroscopy. Quantitative analysis of the potentially reactive components in the stabilizer was determined through potentiometric titration. A well-characterized clay material was obtained through the Source Clays Repository at the University of Missouri and was further characterized using potentiometric titration, XRD, and SEM. Procedures for these analyses and the clay-stabilizer treatment are described in this section.
Selection and Preparation of Clay Material
Soils typically encountered in the field contain a mixture of many different mineral constituents. To increase the likelihood of observing the physical-chemical changes induced by the ionic stabilizer, a less complex, "pure" clay soil was chosen for this study. The selected clay material is SWy-2, a sodium montmorillonite from the Newcastle formation in Crook County, Wyoming. Montmorillonite is a highly expansive clay mineral that can be described as a fat clay (CH) under the Unified Soil Classification System. Chemical characteristics reported for SWy-2 montmorillonite are provided in Table 1 . Montmorillonite is classified as a 2:1 dioctahedral-layered clay composed of sheets of silica atoms arranged in tetrahedral coordination and aluminum atoms arranged in octahedral coordination ( Figure 1 ). Isomorphic substitution of Mg (2+ charge) for Al (3+ charge) in the octahedral layers provides the montmorillonite with a net negative charge that is counterbalanced by cations occupying the interlayer regions between the octahedral sheets of adjacent layers. The spacing between layers is variable (10 to 18 Å) depending on the size of the interlayer cation, the hydration energy of the cation (which is a function of ion properties such as size and valence), and the relative humidity. Because the interlayer is expansible, montmorillonite-containing soils can undergo as much as a 30 percent volume change caused by wetting and drying. This expansion and contraction of the soil can cause extensive damage to pavements. Thus, its expansive properties make montmorillonite an ideal candidate for examining the effects of commercial soil stabilizers.
Processing of the repository clay samples was necessary to remove constituents that tend to mask the reaction mechanisms in later tests. First, using ASTM procedure D 422-63, the SWy-2 sodium montmorillonite was size fractionated to isolate clay-sized particles smaller than 2 µm. The clay preparation procedure involved washing the clay with distilled deionized water, dispersing the clay using an ultrasonic probe, and placing the suspended particles in a column until all particles larger than 2 µm settled to the bottom of the container. Based on Stoke's Law, 18 to 20 h were required for all particles exceeding 2 µm to settle out and leave the clay fraction in the supernatant. The supernatant containing the clay and water was carefully siphoned into 250-mL polyethylene centrifuge bottles and centrifuged at 10,000 rotations per minute for 10 minutes. The supernatant was discarded, and the remaining solid material was placed in dialysis tubing and repeatedly washed with distilled, deionized water until the specific conductance reached 2 microsiemens per centimeter (µS/cm or µmhos/cm) or less. Finally, the washed clay was removed from the dialysis tubing, centrifuged, and dried in an oven at 25 to 30°C. A portion of the washed material was centrifuged to isolate a pure montmorillonite fraction, which was scraped from the top layer of the centrifuged material. 
Characterization of Clay Material
The washed clay material was characterized using XRD, SEM, and potentiometric titration. Powder diffraction (XRD) was used to identify montmorillonite and other minerals in the clay material and to assess changes in the mineralogy of the clay caused by treatment with the ionic stabilizer or stabilizer components. Powder XRD uses the scattering of X rays from a crystal to produce a characteristic interference pattern (a diffractogram) that can be compared with standard diffractograms for different minerals. The clay specimen used for this study was known to contain montmorillonite and quartz, so XRD data on treated and untreated samples were compared with diffractograms for montmorillonite and quartz. Samples were prepared by grinding with a mortar and pestle to a fine homogeneous powder to achieve optimal orientation for reflection from every possible interplanar spacing. An aluminum holder with an open squared center was affixed to a petrographic microslide. The clay was placed in the square opening and filled to the top. A microscope slide placed at a slight angle was used to evenly distribute the clay, but to allow for random orientation, the clay was not packed. A CAD4 automated single crystal diffractometer was used to perform scans with the following parameters: an angle scan (2θ) between 3°and 50°using a 0.05 step size and dwelling for 2 s at each step.
SEM provides images of crystallographic structures of clay particles by emitting an electron beam focused on the surface of a sample and creating reflections of that beam (secondary electron intensity) at high angles. These electron reflections generate a signal that can be used to produce an image of the sample that shows crystal structure, layering, and impurities. SEMs obtained from treated and untreated samples were compared to evaluate physical changes in clay particles following treatment with the stabilizer and to assess the appropriateness of this technique for characterizing these effects in natural soil samples. Sample preparation involved freeze-drying the clay, grinding the freeze-dried sample into a homogeneous mixture, pluviating the clay onto an aluminum stub covered with double-sided carbon tape, and then gold coating the specimen using a Pelco vacuum sputter coater. The gold layer provides a medium for electrons to pass through while still providing sufficient conductivity to avoid charging the sample. A Hitachi S-4500 field emission SEM was used to obtain images ranging in magnification from 1,000 times to 10,000 times at 15 kV.
For two of the samples, a Jeol JSM-T330A SEM equipped with a Tracor energy dispersive X-ray (EDX) analyzer was used. This instrument allows detection and qualitative analysis of the major elements of the periodic table above sodium. These samples were imaged at 30 kV. 
Characterization of Ionic Stabilizer
The ionic stabilizer was obtained from the manufacturer. The manufacturer's literature indicates that the material is considered an acidic cleaning compound. One of the main active ingredients has been reported to be sulfonated limonene (10) . Potentiometric titrations were conducted to determine the acid-base characteristics of the sample. Before titration, the sample was diluted 1:300 with distilled deionized water to mimic the dilution rate suggested for field applications. The titration was carried out using 1.0N NaOH under a nitrogen blanket to minimize carbon dioxide contamination. The stabilizer solution was also analyzed using GC/MS to determine the presence of limonene and other organic solutes. This technique is suitable for compounds with low to moderate boiling points. Samples were extracted with methylene chloride, which is appropriate for analyzing hydrophobic compounds such as limonene. The methylene chloride layers, including extractable organics from the samples, were then injected into a Hewlett Packard Model 5890 GC containing a 30 m × 0.35 mm ID BPX5 (nonpolar) column from SGE, Inc. (Austin, Texas). The helium carrier gas was set at 2.5 kg/cm 2 (35 lb/in. 2 ). The injector temperature was ramped from 50 to 310°C. The oven was initially set at 35°C, ramped at 15°C/min to 175°C, ramped at 20°C/min to 250°C, ramped at 30°C/min to 310°C, and then held at 310°C for 11.5 minutes. The Hewlett Packard Model 5972 MS detector temperature was set at 280°C. Mass spectrograms were compared with the U.S. Environmental Protection Agency library. In addition, a sample of (R) (+) limonene obtained from Aldrich (Milwaukee, Wisconsin) was also analyzed using GC/MS for confirmatory purposes.
HPLC-MS detection was used to confirm the presence of sulfonated limonene in the stabilizer. This technique is suitable for compounds with high boiling points or low volatility. In the absence of commercial primary standards, sulfonated limonene was prepared in the laboratory through the addition of 1 ml (R) (+) limonene (99.6 percent, Aldrich) to 99 mL of concentrated sulfuric acid (96.2 percent). The chemical reaction of limonene with sulfuric acid produced a distinctly deep crimson layer on top of the sulfuric acid. After 5 days, the separate phase of limonene had reacted and uniformly distributed throughout the aqueous acid. GC/MS results confirmed that all the limonene had reacted, and HPLC-MS confirmed that sulfonated limonene had been formed. A Varian 9000 Series HPLC Interface 2 with Finnigan MAT (San Jose California) LCQ mass spectrometer was used with full MS and chemical ionization mass spectrometry. The chemical ionization employed methane at a pressure of 400 Pa (3 Torr). The mass spectra indicated that limonene with one and two sulfonate groups had been formed. HPLC-MS of the stabilizer indicated that monosulfonated limonene was present.
Clay-Stabilizer Experiment Method
To study the interaction and changes to the clay structure caused by the ionic stabilizer, a basis for the dilution rates was established. An application mass ratio of 1:6000 (mass of concentrated stabilizer:mass of dry soil) was selected for the majority of the laboratory procedures. This is based on the manufacturer's suggestion of applying 3. ite clay samples") was conducted using samples that included a measurable quartz component present in the finer-than-2-µm fraction of the SWY-2 montmorillonite. In the second set of experiments, the clay material was centrifuged further, and only the top layer, presumed to contain a much smaller quartz fraction, was used (referred to as the "montmorillonite fraction"). Aliquots of the composite sample were mixed with the ionic stabilizer at mass ratios of 1:500, 1:1000, 1:3000, 1:6000, and 1:9000 in 10-mL glass vials. Water was added to bring the clay to a water content of 24 percent, corresponding approximately to the optimum compaction water content as determined with ASTM D 1557-91. Using a highfrequency test-tube shaker, followed by mechanical mixing with a spatula, the stabilizer was uniformly mixed with the soil. The sample was then cured for 7 days. Samples also were prepared using solutions of sulfuric acid and sulfonated limonene at an application mass ratio of 1:6000. After a 7-day cure, the samples were freezedried and analyzed using XRD and SEM. Control samples that did not contain stabilizer or stabilizer components were also analyzed using XRD and SEM.
RESULTS

Stabilizer Characterization
Potentiometric titration data for the stabilizer are presented in Figure 2 , along with a theoretical titration of 0.025N sulfuric acid. The inflection point of the titration data occurs at pH 7, suggesting that the stabilizer acts as a strong acid similar to sulfuric acid.
GC/MS data (not shown) were collected for the stabilizer, limonene, and sulfonated limonene. The chromatogram for the limonene sample showed a peak at a retention time of 6 min. The MS data confirmed that this peak corresponded to limonene. The data for the stabilizer and the sulfonated limonene did not show any peaks corresponding to limonene. Thus, it was concluded that sulfonated limonene could not be detected using GC/MS and that all of the limonene in the stabilizer was sulfonated. The HPLC/MS mass spectra confirmed that limonene with one and two sulfonate groups had Katz et al.
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XRD Results
Initial experiments with the composite sample and the stabilizer were conducted at several application mass ratios. XRD results for these samples are presented in Figure 3 . Both montmorillonite and quartz were identified in the composite sample. The quartz peaks are significantly larger because quartz is a much better X-ray scatterer than montmorillonite. The peaks located at 2θ values of approximately 7°, 20°, 29°, 35°, and 36°matched known montmorillonite spectra contained in the database. Peaks located at 2θ values of 21°and 27°w ere identified as quartz. The d-spacing of the montmorillonite was determined to be 12.4 Å, which is consistent with freeze-dried and relatively unexpanded montmorillonite.
Comparisons of the XRDs from the treated and untreated samples in Figure 3 show that quartz was unaffected by the treatment. However, there is a noticeable change in the XRD results for the montmorillonite spectra. In all of the samples, the peaks at a 2θ of 29°w ere significantly diminished. Although this change may be caused by the orientation of the clay in the sample holder, it was only observed in the treated samples. The d-spacing of the montmorillonite was reduced slightly because of the stabilizer treatment, ranging from 11.3 Å for the 1:9000 sample to 11.1 Å for the stronger application rate of 1:1000. If the clay had undergone significant weathering, the d-spacing would have collapsed to less than 10 Å. For example, the d-spacing of kaolinite, a more highly weathered clay mineral, is only 7 Å. Figure 4 provides a comparison of untreated and treated samples of the composite clay samples (Figure 4a ) and the montmorillonite fraction (Figure 4b) . In both cases, the treated samples correspond to an application mass ratio of 1:6000. The major difference between the two untreated samples is the absence of a significant quartz component in the montmorillonite fraction. In addition, the d-spacing for the untreated montmorillonite fraction of 15.5 Å is much greater than for the composite sample, presumably because this sample was not freeze-dried before analysis. In contrast to the composite sample XRD results, the treated montmorillonite fraction retains the peak at a 2θ of 29°, suggesting that the application rate of the stabilizer was not sufficient to cause a significant change in the majority of the sample. However, a d-spacing in the treated montmorillonite sample of 10.7 Å was consistent with the values observed for the treated composite samples shown in Figure 4a . For complete weathering, the theoretical ratio of stabilizer to soil can be estimated from the reaction stoichiometry of montmorillonite with sulfuric acid to form kaolinite: Hence, complete weathering requires 98 g (1 mole) of H 2 SO 4 to react with 2204 g of montmorillonite, corresponding to an application mass ratio of 1:22.5. Thus, the 1:6000 application mass ratio would be insufficient to modify the entire montmorillonite fraction or even the composite samples, such as those shown in Figure 4a . The results presented in Figure 5 suggest that the addition of either sulfonated limonene or sulfuric acid leads to similar changes in the clay mineralogy. For both sulfuric acid and the sulfonated limonene treatment, the peak at a 2θ of 29°disappeared, and the d-spacing was reduced to 11.15 Å and 12.1 Å, respectively.
SEM Results
The addition of acid to the clay is likely to cause changes similar to those observed during clay weathering. As montmorillonite weathers, it can form more stable, nonexpanding clays, such as illite or kaolinite. Figure 6 shows the differences between SEMs of montmorillonite ( Figure 6a ) and kaolinite (Figure 6b ). The SEM of the montmorillonite shows the typical flake-like feature; the SEM of the kaolinite shows sheet-like layers. These two SEMs serve as a reference for comparing the SEMs from the treated and untreated composite and montmorillonite fraction samples. Most of the SEM results presented were compared at the same magnification (5000×). The SEM results for the composite samples ( Figure 7 ) appear to be aggregated. The montmorillonite likely is coating quartz particles present in the composite samples. Very few montmorillonite flakes can be seen in either the treated or untreated samples, and it is therefore difficult to observe differences between these samples using SEM. More sophisticated techniques such as SEM coupled with EDX analysis can help to discern the differences among these samples. To this end, untreated and treated composite samples, prepared with different stabilizer chemicals at the same application mass ratio of 1:500, were analyzed using SEM-EDX. Figure 8 shows that the Al:Si ratio increases only marginally between the untreated sample and the samples treated with the ionic stabilizer, sulfonated limonene, and sulfuric acid. An increase in the Al:Si ratio is consistent with the loss of silica during weathering, as indicated in Equation 1. The more intense peaks in the samples treated with the ionic stabilizer or sulfonated limonene may result from increased higher order crystallinity, consistent with the XRD results reported above. The SEM results for the untreated montmorillonite sample (Figure 9a) clearly show the flake-like structure of montmorillonite.
Comparison of the untreated and treated samples in Figure 9 (application mass ratio of 1:6000) shows some changes in the clay particles, especially on the edges of the flakes. However, these changes are not extensive, presumably because of an insufficient application rate for the high concentration of montmorillonite in the sample.
DISCUSSION OF RESULTS
Scholen (10, 11) suggested a mechanism by which ionic (sulfonated oil) stabilizers may modify the clay fraction of a soil. This mechanism involves removing cations from the lattice, which leads to a breakdown of the clay mineral and expulsion of water from the double layer. Alteration of the clay mineral in this way mimics the natural weathering process that would, over geologic time, lead to a more stable clay phase. In this way, the stabilizer merely increases the rate of this weathering process. In this study, results from tests involving the reaction of an ionic stabilizer with one montmorillonite clay are consistent with, but do not conclusively demonstrate, this suggested mechanism. Data recently reported by Sarkar et al. (15) also showed evidence for a change in clay structure, including an apparent loss in expansive clay mineral content, caused by treatment with an ionic stabilizer. That study, which also relied on XRD data, involved tests on a natural soil that had been treated in the field with a different ionic stabilizer product. The results from both the XRD and the SEM analyses in this study indicate that similar chemical changes can be accomplished through the addition of sulfuric acid or sulfonated limonene. Further testing to compare the physical changes to clay, when exposed to these two chemical agents, is necessary to provide a more quantitative evaluation of the differences in the rates and the extent of reaction for these components and the commercial product.
In addition, the results of this study highlight the importance of application mass ratio. Using the manufacturer's recommended application rate, the XRD results did not indicate the same changes in the montmorillonite fraction as in the composite clay sample, presumably because of the higher clay content in the montmorillonite fraction. However, in all cases tested, only limited weathering of the clay material was observed in the XRD results. The XRD and SEM results did not provide evidence that the montmorillonite weathered to a more stable phase. Although the XRD patterns were altered because of the presence of the stabilizer, the results suggest that the mineralogy after treatment was still consistent with an expanding montmorillonite mineral.
Typical soils have a clay content much less than 100 percent. Thus, for a natural clayey soil, the minimum application ratio for complete conversion of the montmorillonite fraction to kaolinite based on Equation 1 would be 1:22.5 (clay mass fraction). For example, if one uses an application mass ratio of 1:6000, complete conversion would occur only if no more than 0.375 percent were expansive montmorillonite. If complete weathering of the expansive sodium montmorillonite fraction to a nonexpansive kaolinite is unnecessary, then the sulfuric acid requirements would be even less. Finally, the kinetics for strong acid weathering of clays and solids are strongly dependent on the hydrogen ion concentration, for which low liquid dilution ratios and optimal water contents would be most favorable.
Finally, it is evident from these initial test results that SEM alone is not a viable tool for evaluating the use of ionic stabilizers on soil samples dominated by minerals other than expanding clays. The use of SEM coupled with EDX can provide a much better assessment of the changes in the elemental composition of the clay particles. Further SEM-EDX studies should be conducted to confirm this observation.
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